Municipal wastewater effl uents are one of the largest single effl uent discharges in Canada. Chlorination of wastewater effl uents is a widespread practice throughout Canada (excluding Quebec), the United States and parts of Europe. As chlorine in wastewater effl uents is toxic to aquatic biota, dechlorination chemicals may be used to reduce residual chlorine concentrations to below 0.02 mg/L (as Cl 2 ) as mandated by Canadian law. However, the potential aquatic health impacts of residual dechlorination chemicals must also be determined. Seven dechlorination agents (ascorbic acid, hydrogen peroxide, calcium thiosulfate, sodium sulfi te, sodium thiosulfate, sodium metabisulfi te, sodium bisulfi te) were evaluated with regards to their 48 hour acute toxicity. Tests were conducted using Daphnia magna to identify the acute (48 h) toxicity affects of the dechlorination chemicals over a range of concentrations (0-200 mg/L). Sodium sulfi te and thiosulfate were found to have the least aquatic mortality effects while hydrogen peroxide and calcium thiosulfate had the most deleterious effects.
Introduction
Municipal wastewater effl uents contain a deleterious mix of human waste, suspended solids, debris, and a variety of chemicals from residential, commercial, and industrial plants, which if not treated properly can lead to a high dissolved oxygen (DO) demand in the receiving waters as well as become a point source for pathogenic microorganisms (EC 2001a (EC , 2001b . Consequently, the effl uence is generally treated and disinfected to minimize its impact on the aquatic environment. Effl uent disinfection is a critical step in ensuring safety of the water quality for both contact and non contact recreation, and in minimizing potential adverse downstream effects on later sources of potable water. Chlorine remains the most popular disinfectant for wastewater treatment facilities across North America because of its effectiveness in achieving the desired microbial inactivation for indicator organisms such as Escherichia coli at a low cost and due to its widespread availability. Due to increasing concerns about the environmental health of the aquatic environment all wastewater facilities with an effl uent release greater than or equal to 5,000 m 3 /day are required to meet a total residual chlorine concentration of no more than 0.02 mg/L as Cl 2 by 2010 (Canada Gazette 2004) . This guideline has been further endorsed by the Canada-wide Strategy for the Management of Municipal Wastewater Effl uent recently set forth by the Canadian Council of Ministers of the Environment (CCME 2009).
In order to meet this regulatory requirement, there are two main options available for the wastewater treatment facilities: neutralize the chlorine in disinfected wastewater using common dechlorination chemicals or carbon adsorption (e.g. US EPA 2000; MacCrehan et al. 2005) , or switch to another disinfectant method such as ultraviolet (UV) treatment or ozonation. However, the UV treatment could be costly due to high energy consumption as a result of high absorbance of UV light by wastewater (Macauley et al. 2006) . Additionally, suspended particles in wastewater, particularly those greater than 10 um in diameter, could reduce the effectiveness of UV disinfection and increase the required dosage (Parker and Darby 1995; Loge et al. 1999; Wu et al. 2005; Templeton et al. 2006) . Ozonation is another option but has not gained widespread popularity at wastewater treatment facilities because it is expensive to produce, requires on site generation and immediate use, and has high operational and maintenance costs, although it may be useful in treating emerging contaminants (EPA Victoria 2002; Snyder et al. 2006) . Thus many of the treatment facilities still use chlorine as the disinfectant and neutralize the chlorine using dechlorination chemicals prior to discharge.
The objective of dechlorination is to reduce reactive chlorine to a less toxic halide form (Helz and Nweke 1995) via chemical reactions. Dechlorination agents (DAs) are added to the municipal wastewater effl uent to reduce the negative effects of chlorine on aquatic species. Water that has been chlorinated and then dechlorinated is reported to be far less toxic to aquatic organisms than either unchlorinated or chlorinated effl uent (Kalmaz and Kalmaz 1981) . Nevertheless, the dechlorination agents, known to be less harmful than chlorine, might also pose a threat to the aquatic species in receiving streams. Thus, it is important to investigate the aquatic toxicity of common dechlorination chemicals. Even though the environmental benefi ts to the dechlorination of wastewater effl uent prior to discharge has been the focus of research for many years, potential aquatic and human health impacts of DAs have not been well studied (Ryon et al. 2002) . When choosing a dechlorination agent to treat the wastewater effl uent, knowing the aquatic and human health impacts of the chemical exposure becomes important, as the receiving natural rivers and lakes support contact and non contact recreation, aquatic life, and serve as a potable source of water.
Many dechlorination strategies are currently used in practice, including injection of sulfur compounds, thiosulfates, ascorbic acid, and hydrogen peroxide and carbon adsorption (US EPA 2000) . Injection of sulfur compounds (e.g. sulfur dioxide (SO 2 ), sodium sulfi te (SS; Na 2 SO 3 ), sodium bisulfi te (SBS; NaHSO 3 ), sodium metabisulfi te (SMBS; Na 2 S 2 O 5 ) and carbon adsorption are amongst the most commonly used strategies for dechlorination (US EPA 2000) . SMBS hydrolyzes to SBS when added to water -a method utilized by many researchers as a source of bisulfi te for experimental purposes (Yonkos et al. 2001) . As a result of the high costs associated with carbon adsorption, it is not a widely used dechlorination method in the wastewater industry. Alternatively, dechlorination agents such as sodium thiosulfate (STS; Na 2 S 2 O 3 ), calcium thiosulfate (CTS; CaS 2 O 3 ), hydrogen peroxide (HP; H 2 O 2 ), and ascorbic acid (AA; C 5 H 5 O 5 CH 2 OH) are used for many dechlorination applications, including wastewater treatment, due to their effectiveness in neutralizing chlorine.
There are several chemical, physical, and biological factors that can independently or jointly contribute to the toxicity of wastewater effl uent to aquatic species. In the case of wastewater effl uent, it is the chemical components (e.g. ammonia, chlorine, and heavy metals) that are found in or added to wastewaters that cause toxicity to the aquatic organisms in the receiving waters (SETAC 2004) . In order to evaluate the aquatic toxicity of a given substance (e.g. dechlorination chemicals) various tests can be conducted such as acute or chronic lethality tests. Generally, acute lethality tests are carried out using indicator aquatic species such as Daphnia magna (D. magna), Daphnia carinata, Daphnia pulex, and Ceriodaphnia quadrangular (Wu et al. 2007) , and some fi sh species such as the rainbow trout, striped bass, and fathead minnow. The species of choice for North American toxicity studies is D. magna (Fig. 1) . This is because it is a dominant herbivore present in the freshwater lakes and rivers of North America (Mitchell et al. 2004) , where the water hardness is greater than 150 mg/L (EC 1990) . In addition, D. magna is an important link in the aquatic food chain, has a short lifespan, can be 'easily' cultured in the laboratory, is sensitive to a wide range of aquatic contaminants, and is a manageable size requiring only small volumes of test water. D. magna has the ability to produce genetically identical organisms via cyclical parthenogenesis (Wu et al. 2007) , making them ideal for toxicity testing. Cyclical parthenogenesis is where female neonates emerge from sexual resting eggs and undergo cycles of asexual reproduction (Mitchell et al. 2004) .
Fig. 1. Daphnia Magna
Lethality and toxicity fi eld tests have been undertaken by researchers to identify the least harmful dechlorination chemical to be used in practice (Yonkos et al. 2001; Ryon et al. 2002; EC 2003; Oh et al. 2008) . For example, to investigate the effects of sulfur compounds used for the dechlorination of wastewater effl uent, Ryon et al. (2002) conducted laboratory toxicity testing with Ceriodaphnia dubia using STS and SBS. From acute toxicity tests conducted with SBS, Ryon et al. (2002) concluded that the 24 hour Median Lethal Concentration (LC 50 ) -the concentration that reduces the survival by 50% -for Ceriodaphnia dubia was 245 mg/L.
The authors found that although overdosing with STS and SBS does not have any direct aquatic impacts as a result of the inherent toxicity of these chemicals, they have the indirect impact of suppressing the pH and consuming the DO of the receiving waters. This potentially induces stress on the aquatic species, and results in fi sh kill (Ryon et al. 2002; EC 2003) . Ryon et al (2002) demonstrated that the concentration of SBS necessary to cause a fi sh kill event in the receiving waters tested was 39 mg/L, which would reduce the DO level in the receiving waters by approximately 6 mg/L. Sulfi te ion (SO 3 −2 ) concentrations less than 10 mg/L have no signifi cant effect on the aquatic environment (White 1999) .
STS is also thought to be non toxic to aquatic species even at high concentrations (Tikkanen et al. 2001; Ryon et al. 2002) . Oh et al. (2008) found the Median Effect Concentration (EC 50 ), the concentration that produces a certain effect in 50% of test organisms in a given population (IUPAC 1997) of D. magna, to be as high as 1334 mg/L with STS. This EC 50 is much higher than the expected concentration of STS in the wastewater effl uent following dechlorination. However, Ryon et al. (2002) discovered that a STS concentration of 34-40 mg/L in a creek in Kentucky caused by overdosing resulted in a fi sh kill of over 24,000. The large overdose of STS resulted in a light coloured fl oc formation in the receiving stream (Big Bayou Creek, Kentucky). This fl oc was identifi ed as a form of non-toxic elemental sulfur produced as a metabolic waste of the naturally occurring bacteria that utilizes thiosulfate as an energy source in oxygenated waters. Besides causing sulfur accumulation, this process does not pose a problem under low (<10˚C) water temperatures. However, if the input rate of sulfur is reduced, these bacteria begin to metabolize the precipitated sulfur, producing sulfuric acid as a product. This acid production can reduce the water pH to approximately 4, causing fi sh kills. Other factors such as increasing temperature can further accelerate the metabolic rate of these bacteria, further reducing the water pH (Ryon et al. 2002) .
Precaution should be taken when interpreting STS aquatic toxicity test results (Oh et al. 2008 (Oh et al. 2008 ). This complex formation could lead to an over-or under-estimation of the sample toxicity. For example, the presence of zinc (Zn [II] ) in the dechlorinated water could increase the toxicity of the sample, while Cu(II), Cd(II) and Ni(II) can suppress the toxicity. Thus the aquatic toxicity effects of STS can vary largely depending on the composition of the effl uent that is dechlorinated (Oh et al. 2008) .
Other dechlorination agents such as SMBS, SS, CTS, AA, and HP have not been very well studied in terms of their aquatic impacts. For SMBS, the US EPA (2007) reports the 96 h LC 50 value of 100 mg/L for fi sh, 72 h EC 50 of 48.1 mg/L for algae, an acute 48 h EC 50 and a no effect concentration of 88.76 mg/L and greater than 10 mg/L for daphnids, respectively. The SS 48 h LC 50 for D. magna has been previously reported as 440 mg/L (Anderson 1946) . The indirect aquatic impacts of these dechlorination chemicals, such as DO and pH suppression, can also be deleterious to aquatic species and need further investigation. In addition, an indirect effect of low DO levels is the reduction in survival of organisms that the fi sh prey on (Barton and Taylor 1996) . Through an experimental study, Tikkanen et al. (2001) found that the use of stoichiometric concentrations of SMBS, SS, STS, and CTS can suppress the DO in the water stream by 1.18, 0.30, 0.55, 0.50 mg/L, respectively after 250 seconds of reaction time. Overall, the authors found SMBS to have the greatest impact on DO.
Ascorbic acid (AA), otherwise knows as Vitamin C, is a naturally occurring substance; available toxicity studies suggest that AA is non toxic at high concentrations (200 mg/L) (NICNAS 2003) . The 48 h EC 50 value for D. magna based on measured concentrations is given as greater than 190 mg/L by NICNAS (2003) . The 96 h LC 50 value for fi sh was found to be greater than 80 mg/L, and thus AA is declared non-toxic to fi sh. Tikkanen et al. (2001) have also found that treatment with AA can deplete water pH, which can result in deleterious effects to the aquatic species. The addition of stoichiometric or double the stoichiometric amounts of the dechlorination chemicals can reduce the pH of the water by 0.3 and 0.6 pH units, respectively (Tikkanen et al. 2001) . Thus, even though AA does not have a direct impact on the aquatic species, it could have an indirect impact by reducing the pH of the water. These indirect impacts need further consideration and research.
Alternatively, the addition of HP is thought to increase the DO concentration in the receiving water, since the reaction between chlorine and hydrogen peroxide is known to release oxygen. For example, addition of the stoichiometric concentration of hydrogen peroxide is known to increase the DO concentration in the water by 0.3 mg/L after 250 seconds (Tikkanen et al. 2001 ). However, when twice the stoichiometric concentrations were added, the DO level was found to decrease by 0.2 mg/L, and the authors failed to discuss the possible reasons behind such a DO decrease. HP is also subjected to oxidation and reduction processes in the receiving waters and undergoes decomposition into water and oxygen. The highly reactive and corrosive nature of HP may cause adverse effects in the aquatic environment. A study by Meinertz et al. (2008) examining chronic toxicity of D. magna to hydrogen peroxide found that hydrogen peroxide concentrations greater than 2.5 mg/L resulted in 100% mortality, however, this value decreased to 20% mortality at 1.25 mg/L and 10% mortality at values less then 0.63 mg/L after 21 days exposure (chronic toxicity).
The objective of this study was to identify and assess the acute (short term) toxicity of selected dechlorination chemicals to dominant aquatic herbivore D. magna through acute toxicity testing. Direct and indirect toxicity was measured in the absence of confounding factors, such as wastewater variability. Future research could include an investigation of the combined effects of dechlorination chemicals and wastewater composition on the acute toxicity to D. Magna, but similar trends would be expected. Percentage mortality of D. magna was investigated under various concentrations of the dechlorination chemicals to compare dechlorination chemicals to be used in practice. The study of the potential aquatic impacts associated with dechlorination chemicals at various concentrations may help wastewater facility managers and policy makers to select the most suitable dechlorination chemical, based on possible aquatic health impacts in site specifi c source waters.
Materials and Methods
Freshwater D. magna was subject to short term (48 h) acute toxicity tests (initially supplied from CANMET Mining and Mineral Sciences Laboratories of Natural Resources Canada, Ottawa, Ont.). Two batches of culture organisms consisting of 40 daphnids each were then cultured in-house, from which the test organisms for toxicity testing were obtained. The daphnids which were maintained according to the methods outlined by Environment Canada (1990) in the "Test Biological Test Method: Acute Lethality Test Using Daphnia spp."All tests were conducted in triplicate. The cultured organisms were maintained in deionized (DI) water as required by the standard procedure, with hardness added according to Table 1 , to simulate the hardness of water in many North American rivers and lakes. The temperature of the culture solution was maintained at 20±1°C by placing them in an incubator with a photo-period of 16 h light: 8 h dark using "cool-white" fl uorescent light of 400-800 lux. DO levels in the culture media were maintained at greater than 80% saturation by aerating as needed. The pH of the culture medium was adjusted as needed, to between 6.5-8.5, using hydrochloric acid (HCl) or sodium hydroxide (NaOH). Monthly 48 h reference toxicity tests were conducted using zinc sulfate (ZnSO 4 ) as the reference toxicant to investigate the general health of the cultures. Stock cultures received daily water changes, and laboratory cultured algae feed of 12 mL/L of dilution water, consisting of a mixture of Selenastrum capricornutum and Chlorella pyrenoidosa and 4 mL/L of dilution water of laboratory prepared Yeast-cerophyltrout chow (US EPA 2002). The Yeast-cerophyl-trout chow was prepared according to the method outlined by US EPA (2002) using FLEISCHMANN'S® Yeast, TETRAMIN® fi sh fl akes, and rabbit pellets made of alfalfa leaves. Algal culture medium was also prepared according to the method outlined in the US EPA method (2002).
Test Procedure
Tests were carried out in 250 mL Pyrex® beakers using 100 mL of dilution water with 5 neonates (i.e. daphnids < 24 hours old) per beaker, or 150 mL of dilution water with 10 neonates per beaker. Stock solutions of the DA with a concentration of 10 g/L were prepared for SS, SMBS, SBS, AA, and STS by weighing and dissolving 1 g of the reagent grade chemical in 100 mL of DI water. The stock solutions were prepared the start of each test and stored in amber bottles (to prevent photo-reactions) in a cool and dry place. For HP and CTS, the 30% w/v stock solution was diluted by adding 1 mL of stock into 10 mL of DI water, and appropriate volumes were added to each test solution to achieve the desired concentration. The concentrations of dechlorination chemicals tested for acute toxicity varied from 0-200 mg/L. The maximum limit was conservatively set to 200 mg/L. This was because such high concentrations of dechlorination chemicals are not expected in the wastewater effl uent on a regular operation basis, although 200 mg/L could potentially occur if there were an accidental spill into the aquatic environmental.
Temperature, DO, pH, and conductivity of the test solutions were measured at least once at the start and end of the tests as recommended by Environment Canada (1990). The pH and the DO of the test solutions were not adjusted after the addition of the DA during the test setup, since suppression of pH and DO was one of the indirect effects of some DA on the aquatic environment (Ryon et al. 2002; EC 2003) . Solution pH and DO were measured before and after the addition of the DA for comparison purposes. The daphnids were not fed during the tests that lasted 48 h and were visually observed in terms of mortality and movement at the beginning (0-1 h) and at the end of the test (48±2 h).
The LC 50 value is the dechlorination agent concentration at which 50% of the population died over the 48 h. Obtained mortality results were used to calculate the 48 h LC 50 values using the Graphical Method suggested by the US EPA (2002). The LC 50 value was not calculated for STS and SS because these chemicals did not cause any mortality at the highest concentration tested (e.g. 200 mg/L).
Results and Discussion

Toxicity of Sodium Sulfi te, Sodium Bisulfi te and Sodium Metabisulfi te
The percentage survival values obtained for D. magna under different concentrations of the three sulfur salts tested are illustrated in Fig. 2. From Fig. 2 , it is evident that the least harmful sulfur salt is SS, which resulted in 100% survival of D. magna at 200 mg/L concentrations. This result is consistent with previous fi ndings for SS 48 h LC 50 value of 440 mg/L (Anderson 1946) for D. magna. The 20% mortality that occurred at the 20 mg/L of SS could be attributed to either the reduction in pH (0.8 pH units) that was observed (Table 2 ) and/or experimental error as indicated by the error bars. The pH suppression did not increase for SS at concentrations greater than 20 mg/L therefore this fi nding is most likely due to experimental error. SBS was observed to be non-toxic at lower concentration but with more adverse results at concentrations greater than 50 mg/L. Anderson (1946) reported the 48 h LC 50 for SBS at 190 mg/L. Since SMBS dissociates into SBS when dissolved in water, both SBS and SMBS were expected to have similar toxicity profi les. However the SMBS seems to be less toxic than SBS between the concentrations of 20-100 mg/L. This result is interesting given that the tabulated DO values in Table 2 show a larger change in the DO values of SMBS compared to SBS for the concentrations of 50, 100, and 200 mg/L. This is in agreement with prior results where among the sulfur salts SMBS has the greatest impact on DO (Tikkanen et al. 2001) .
If a reduction in DO concentration was the reason for the difference in survival, then the percentage survival values would be expected to differ for all the subsequent concentrations of SBS and SMBS tested as well. This was not the case. For concentrations below 20 mg/L and Fig. 2 . Percentage survival of Daphnia magna for various concentrations of sodium sulfi te, bisulfi te and metabisulfi te higher than 100 mg/L, the survival rates are identical for SBS and SMBS. If the reason for the observed mortality of SBS and SMBS at 100 and 200 mg/L is only the DO suppression, then SMBS would be expected to cause higher percentages of mortality than SBS, which is not the case. As shown in Fig. 2 , the observed mortalities for the both 100 and 200 mg/L concentrations of SBS and SMBS are identical. Thus it is likely that the mortality values observed for SBS and SMBS are caused by a combination of their inherent toxicity in addition to their DO and pH suppression.
Both SBS and SMBS seem to have a threshold effect at which they cause mortality. For SBS and SMBS, there is no mortality observed until greater than 20 mg/L and greater than 50 mg/L respectively, which is identifi ed as the toxic threshold that D. magna can tolerate. These results are in agreement with previous reports which show that a reduction in DO, suffi cient to cause a fi sh kill, is to be expected when the in stream concentrations of sulfur salts are equal to or exceed approximately 39 mg/L (Ryon et al. 2002) . Both SBS and SMBS are reported to cause the indirect effect of pH depletion as well (Ryon et al. 2002) , which might have contributed to the death of D. magna. In this experimental study, large suppression in DO was observed only for SMBS at concentrations greater than 50 mg/L, and the suppression in pH observed was less than 0.3 pH units for both SMBS and SBS at all tested concentrations. Thus, inherent toxicity of these chemicals is suspected. Further studies are needed at constant pH and DO concentrations to investigate the inherent toxicity of SBS and SMBS.
Toxicity of Thiosulfates
In the case of the two thiosulfates tested, the addition of STS did not cause any mortality at concentrations up to 200 mg/L (see Fig. 3 ). D. magna experienced mortality starting at 20 mg/L of CTS with 100% mortality being reached with the addition of 100 mg/L of CTS.
The STS EC 50 for D. magna has been previously reported to be as high as 1334 mg/L (Oh et al. 2008 ). Furthermore, a study examining the infl uence of water chemistry on effl uents with silver found that the addition of STS increased the LC 50 (i.e. decreased the toxic impact) for D. magna (Bury et al. 2002) . Given such high reported EC 50 values, it was not surprising that no mortality was observed at the STS range tested in this study. Also, pH and DO values tabulated in Table 3 show that the addition of STS did not alter the solution pH or the DO concentration more than 0.3 units and 2%, respectively. Thus, STS was not observed to have any direct or indirect lethality effects on D. magna.
Comparatively, mortality was observed for CTS beginning at concentrations as low as 20 mg/L and at 100 and 200 mg/L, 100% mortality rates were observed. In addition, CTS did not alter the solution pH or the DO concentration more than 0.4 units and 8%, respectively. When the DO level was suppressed by 8% at 5 mg/L concentration of CTS, no mortality was observed. These results are consistent with what have been reported in literature that CTS is not an oxygen scavenger (Wang et al. 2006) . Therefore, the observed mortality was likely due to the inherent toxicity of CTS itself in water because the DO and the pH of the solution did not change substantially (see Table 3 ). It is interesting to Fig. 3 . Percentage survival of Daphnia magna for various concentrations of the sodium thiosulfate and calcium thiosulfate observe such difference between the two thiosulfates. It is known that thiosulfates can form complexes with metals in wastewater effl uent which tend to reduce observed toxicity (Wood et al. 1996) ; it is hypothesized that the STS species was able to better complex with some chemical species in the test water compared to the CTS and hence reduce the toxicity impact. As each toxicity test was run in triplicate and with almost no standard deviation between the each respective test, the results seem valid although more research is needed to further clarify the difference in results between these STS and CTS. Figure 4 shows the percentage survival values obtained for D. magna under different tested concentrations of HP and AA. HP was found to be more toxic than AA for this study. Lethality effects of HP were observed beginning at concentrations as low as 2 mg/L, and 100% mortality of daphnids occurred at all concentrations equal to or greater than 20 mg/L. The actual concentration of HP that caused 50% mortality was approximately 10 mg/L. A study by Meinertz (2008) found 100% daphnid mortality at 2.5 mg/L HP. These results are not surprising considering that HP is also commonly used as a disinfectant itself, in addition to its ability to act as a dechlorinating agent and reduce chlorine to chloride. In either case, an excess residual of HP is not likely anymore desirable than an excess chlorine residual in wastewater effl uent.
Toxicity of Hydrogen Peroxide and Ascorbic Acid
Approximately 15% mortality was observed at 20 mg/L with AA and increased upwards of 80% mortality at 200 mg/L. This result at 200 mg/L was unexpected as it has been reported in literature as non-toxic at concentrations up to 190 mg/L (NICNA 2003). The reason for this observed discrepancy in results may be that the NICNA's (2003) toxicity test study was conducted under controlled pH conditions, which would have masked any indirect toxicity as a result of pH suppression. In this study the LC 50 value (the concentration that caused 50% mortality) was approximately 70 mg/L. For instance, at 100 and 200 mg/L the pH of the solution decreased by 0.5 and 1.2 pH units, respectively (see Table 4 ). Where the rate of dechlorination is also important AA has been reported to be slower acting than SS and STS (Bedner et al. 2004) .
The mortality observed for AA concentrations greater than or equal to 100 mg/L could be due to the pH suppression that is caused by AA in solution, and AA therefore indirectly causes toxicity to D. magna. However, the pH and DO did not change appreciably at the 20 mg/L AA dosage, and therefore this is either due to AA itself or potentially some degree of experimental error. For HP, a substantial pH or DO reduction was not observed, therefore the observed mortality is attributed to the inherent toxicity of HP itself.
Comparison of the Acute Toxicity of the Dechlorination Agents
Of all the dechlorination agents tested, STS had no toxicity effects on D. magna over the concentration range tested (0-200 mg/L). SS resulted in 100% survival for the concentration range tested, except at the 20 mg/L concentration where 20% mortality was observed due to pH suppression or possible experimental error as discussed previously.
From examining the D. magna survival plots (Fig.  2 to 4) as well as the pH and DO data (Tables 2 to 4), three types of toxicity criteria were identifi ed for the seven dechlorination chemicals tested. Based on these criteria the seven dechlorination agents were categorized as either non toxic, directly toxic, or indirectly toxic (see Table 5 ).
AA follows a similar profi le to that observed for SMBS and SS, although the AA appears to be slightly less lethal than either of the other two DA at 200 mg/L with 13% survival versus 0% survival at this concentration. This may be attributed to the indirect toxicity associated with the solution pH change with AA, as opposed to the direct toxicity at this concentration for SS and SMBS. CTS and HP are the most toxic dechlorination agents tested in this study. Percentage survival under CTS and HP is signifi cantly below all of the other chemicals tested (Fig. 2 to 4 ). For both of these chemicals, the percentage survival values start decreasing at concentrations as low as 2 mg/L. At 20 mg/L, HP caused 100% mortality in all the replicates tested. At 100 mg/L, CTS caused 100% mortality in all replicates tested. As neither the HP nor CTS resulted in an appreciable change in the DO or solution pH, both are likely directly toxic to the D. magna. The LC 50 values for each of the chemicals are shown in Table 6 . The 48 h LC 50 values were determined using the Graphical Method (US EPA 2002) and an example of this method is shown in Figure 5 . STS and SS could not be analyzed because the graphical method used is only valid for analyzing data when the obtained percentage mortalities bracket the 50% mortality mark.
From the analysis of the percentage survival values, and the 48 h LC 50 values of D. magna from the various Fig. 5 . USEPA Graphical Method for determining LC50; example shown for SBS and CTSa chemical tested, it is apparent that HP has the highest acute toxicity values. CTS closely follows HP, and was observed to be more toxic than AA. The three sulfur salts were comparably safer than CTS, AA, and HP. SBS and SMBS had similar toxicity profi les, and both SS and STS did not cause substantial acute toxicity.
Conclusions
Seven chemicals that can be used for dechlorination were tested for acute toxicity impacts on Daphnia magna. In order of most to least toxic impacts observed the results were as follows: hydrogen peroxide > sodium bisulfi te  ascorbic acid > sodium metabisulfi te > sodium thiosulfate  sodium sulfi te. In some cases, such as with the ascorbic acid, the toxicity was attributed to a change in solution pH as opposed to the chemical itself. Therefore, it may be an appropriate choice where a lower pH is also required or where pH adjustment is possible. In general, the concentrations at which a toxic effect was observed would be expected to be greater than would be normally found in a dechlorinated wastewater effl uent. However, with hydrogen peroxide the calculated LC 50 was 4.7 mg/L, and only a small excess residual could result in a toxic wastewater effl uent.
This work highlights the need to ensure close monitoring of chlorination/dechlorination reactions to minimize the amount of excess dechlorination chemical added to the wastewater to achieve a zero residual chlorine value.
